. Moreover, voltage stability can be described as a synchronous generator supplying a static load via a line with X L . In the event of a gradual load increase, the operating point of the system changes accordingly. Any partial increase of the load reaching the boundary of voltage stability (BoVS) point, also referred to as the saddlenode bifurcation (SNB) point, will significantly alter system characteristics. The Saddle Node Bifurcation (SNB) is by nature a nonlinear phenomenon and does not occur in a linear model. However, SNB can be as simple as a quadratic equation. Suppose the quadratic equation has two real roots (equilibrium solutions), as the parameters of a quadratic equation gradually change, the two real roots move and it is possible for the real roots to coalesce and disappear. The bifurcation occurs when a double root that separates the two incidents of two real roots from the instance has no real root (i.e. critical instances). 
I. INTRODUCTION
In order to secure loading margins one needs to take notice of the voltage instability phenomenon (VIP). Power system stabilizers (PSS) are widely used close to the rotor angle stability boundaries to secure the performance of stressed power systems [1] . The rotor-angle and voltage stability can be defined as a subset of the stability space of the power systems [2] . Moreover, voltage stability can be described as a synchronous generator supplying a static load via a line with X L . In the event of a gradual load increase, the operating point of the system changes accordingly. Any partial increase of the load reaching the boundary of voltage stability (BoVS) point, also referred to as the saddlenode bifurcation (SNB) point, will significantly alter system characteristics. The Saddle Node Bifurcation (SNB) is by nature a nonlinear phenomenon and does not occur in a linear model. However, SNB can be as simple as a quadratic equation. Suppose the quadratic equation has two real roots (equilibrium solutions), as the parameters of a quadratic equation gradually change, the two real roots move and it is possible for the real roots to coalesce and disappear. The bifurcation occurs when a double root that separates the two incidents of two real roots from the instance has no real root (i.e. critical instances). , and that is when the critical instance separates the case of two solutions from no real solutions. At the SNB point, the Jacobian matrix of power flow equations becomes singular with the eigenvalue of zero [3] . The phenomenon of voltage instability has been observed in large power systems. For example, the voltage collapse in west of France in 1987 due to the outage of 9000MW generation [4] ; or the Tokyo incident in 1987 due to an extraordinary load growth rate of 400 MW per minute at noon time in a hot day [5] ; or of the incident that took place at the Northern California network in 1983, where it resulted into a 2 minute blackout due to the outage of HVDC lines [6] .
In order to determine voltage stability margin or the SNB point [7] , two sets of methods have been proposed, the direct [8] , [9] and the indirect methods [10] , [11] . In the direct method, voltage security margin is derived from an optimization problem. In the indirect method power flow equations are continuously solved with respect to increases in load. The solution is based on reaching the power system voltage stability margin. For example, continuation power flow (CPF) is known as an indirect method.
Previous literature dealt with voltage collapse detection by using localised measurements [12] [13] [14] [15] [16] . For example, Verbic et al (2003 Verbic et al ( , 2004 deploy phasors measured at the relaying point to compute the value of the apparent power difference criterion (SDC) [12] , [13] . When the SDC becomes less than 0.2, the relay initiates a mitigation procedure. The method proposed by Vu et al (1999) is based on a comparison between Thevenin equivalent from the load bus and the apparent impedance of the load. The assessment of the distance to voltage instability is based on the fact that these two impedances are equal at the point of voltage collapse [14] . To accurately estimate the Thevenin equivalent, it is necessary to acquire two different load measurements at different times. This approach is the main disadvantage of this method. It seems that these methods fall short of providing the benefits of offering a measure of the distance from voltage collapse in terms of MW/MVA/Mvar. For example, a minimum SDC of 0.2 on lines carrying 2 MVA and 200 MVA results in largely varying values [12] , [13] . Using localised measurements it is necessary to produce a method that helps to quantify the distance of the current operating point to voltage collapse in terms of real or estimated power increase. Balamourougan et al (2004) propose a voltage collapse indicator [15] . Using this technique the system becomes increasingly stressed and the line losses start to grow rapidly near the voltage collapse point. At the collapse point, the loss-increasing ratios dP dP LOSS provides the theoretical background for the power-loss-sensitivity method [16] . It is proven that that the voltagecollapse condition using the power-loss-sensitivity method is identical to that of the Jacobian method. This paper proposes a new method for evaluation of power system voltage security using perturbation technique.
The proposed algorithm maintains the flexibility to determine the distance of the operating point with the voltage stability margin that support high convergence speed. A comparison with the CPF method [11] was made and validated through IEEE-14, 30 and 57 bus power systems. [7] . The VSA process consists of five steps (Figure 1 ). These steps are:
Step1: Evaluate the voltage stability at current operating point. Sensitivity analysis is conducted on the eigenvalues of Jacobian Matrix. The system will reside in the voltage stability boundary provided that one of the values equal to zero.
Step 2: Select the contingency critical contingencies will be selected with respect to the current operating point which in turn is inferred from the VSA information.
Step 3: Rank and sort the contingencies based on their severity.
Step 4: Evaluate contingencies using the ranked contingencies from Step 3.
Step 5: Apply corrective/preventive strategy based on the optimal reactive power flow after contingency. Here, preventive strategy can be described as load shedding before any damage could occur. 
III. MATHEMATICAL MODELLING
In its general form power flow equations can be described as:
Equation (1) includes 2(n 1 +n 2 ) variables where n 1 is the number of PV buses and n 2 is the number of PQ buses, and and V are, respectively, the angle and magnitude of bus voltages. In voltage stability studies, power flow equations should be generalised [2] . To establish a generalised form of power flow equations,  is introduced as a parameter representing load variations:
Equation (2) includes 2(n 1 +n 2 ) equations and 2(n 1 +n 2 ) +1 variables, =0 represents the base case, and = critical indicates a critical load or the SNB point conditions. A generalised power flow equation for the i th bus can be 4 formulated by combining the following expressions with respect to a rectangular form of power flow equations associated with :
where:
(1 )
B e e f f
And:
K Gi : a factor indicating variations in generated power at i-th bus P Gi0 : real power generated at i-th bus in base case 
IV. CONTINUATION POWER FLOW
The first step to evaluate the static voltage stability of a power system is to solve the power flow equations. The power flow equations adjacent to the SNB point diverge. This is due to the singularity of the Jacobian matrix at the SNB point. CPF method was proposed instead of the conventional power flow techniques to solve this problem.
The following section briefly discusses the generalised form of power flow equations using CPF method. 
A. Continuation Load Flow Algorithm
A locally parameterised continuation (LPC) technique was proposed by Rheinbolds (1986) [17] . 
B. Predictive Stage
At this stage, an approximate solution is derived from the generalised power flow equations starting from the base case and in the direction of tangent vector to the V- curve. Therefore, the first task is to calculate the tangential vector, which can be derived by differentiating both sides of the equation (2):
It yields:
Where:
is a 2(n 1 + n 2 ) x 2(n 1 + n 2 )+1 matrix and t is a (2(n 1 + n 2 )+1) x 1 vector. The tangential vector t yields:
Thereafter, solutions for the predictive stage can be estimated by solving (8):
In Equations 9(a-c), "" is used for the predictive stage solutions and  is the step size. The step size is selected in such a way that the predictive stage solutions can be located within the convergence radius of the corrective stage [18] .
C. Parameterisation and the Corrective Stage
The calculated values from the predictive stage that do not reach the V- curve need to be corrected. The corrective action is to transfer the values on to the V- curve (e.g. V 1 , 1 , 1 ). At this stage the number of variables is more than the number of equations by one. The variable vector for this stage can be presented as:
Where X is a ((2n 1 + n 2 )+1) x 1 vector. The solutions for the corrective stage can be deducted from ascertaining one variable from vector X, (e.g., X k = ) and then solving the following equations using Newton-Raphson method:
At each stage of the corrector in LPC technique, only one variable of X can be certain, which is defined as the continuation parameter. This parameter corresponds to the maximum possible value in vector t. Therefore, continuation parameter will be the same variable as in the predicting stage and can be determined by:
The continuation parameter "" in the initial step is but for the next steps it can be chosen as a voltage magnitude or a voltage angle. By approaching the voltage stability margin (=0),  reaches its critical value.
Beyond the critical point,  tends to decrease and variations of  become negative.  can therefore be taken as an index to discriminate voltage stability margin.
V. PERTURBATION METHOD
In order to address the voltage security problem it is necessary to solve the generalised power flow equations by increasing from the base case load parameter ( 0 ) to  cr (load parameter critical value). The value of ( cr - 0 ) is considered as an index that represents marginal voltage security. The generalised power flow model consists of 7 2(n 1 + n 2 ) equations and 2(n 1 + n 2 )+1 variables, in which the number of equations are less than the number of variables by 1.
In the proposed model discussed in this paper one of the variables acts as the perturbation parameter. This is within the context of perturbation technique [19] . The perturbed algebraic equation (13) with perturbation parameter  which <1 is represented:
Let perturbation parameter be zero, then (13) can be rewritten as:
If the solution for equation (14) equals to x 0 , then the solution for equation (13) with respect to  can be:
By combining (13) and (15), x q is calculated. Since  is much lesser than one, x can be written as:
All terms with powers greater than p can be considered as negligible with the error of orders  p+1 .
A. The Results

THEOREM 1:
Consider a rectangular form of generalised power flow equations, provided that   = is the perturbation parameter, then the real part and the imaginary part of the voltage is derived from the following equations:
Where e i,0 and f i,0 are real and imaginary part of the i th voltage in the base case, and e i,1 to e i,p1 and f i,1 to f i,p1 can be derived as follows:
Where
Proof: The proof is achieved by substituting variables described in (17) and (18) into the rectangular form of generalised power flow equations (3) and (4) [21]. Summary of the proof is given in the Appendix.
THEOREM 2:
Provided that the perturbation parameter is considered to be a rectangular form of generalised power flow and as the variation of real part of the voltage at the critical bus is defined as e indx = e * - eindx , then the real and imaginary parts of bus voltages, and load parameter "" can be derived as: 
Where  e =  eindx  0 is the base load, e i,0 and f i,0 are real and imaginary part of the i th bus voltage in the base case, and e i,1 to e i,p2 and f i,1 to f i,p2 and  1 to  p2 are derived from:
Where E k is the vector obtained by eliminating e indx variable from E k . Similarly, by discarding a row and/or a column corresponding to the index in matrices A, B, C and D the respective results will be matrices A. B, C, and D.
Proof: The proof can be simply achieved by substituting variables described in (25) -(27), into the rectangular form of generalised power flow equations [21] . Summary of the proof is given in the Appendix.
Figure 3: Proposed Method Flowchart
B. The Perturbation Algorithm
Based on Theorem I the voltage stability of a power system can be calculated using the proposed algorithm.
Calculations start from the base case by increasing the load as a perturbation parameter   . At voltage stability margin proximity, matrix J 0 is singular. Therefore, to accurately estimate the voltage stability margin, perturbation parameter should be changed from   to  eindx . By considering the results of Theorem II, voltage stability margin can be calculated by subtracting the real part of voltage at the critical bus. The flowchart of the proposed method is shown in Fig. 3 . Following the proposed algorithm two issues need to be clarified. The first issue is the definition of critical bus, and the second is to realise the condition that perturbation parameter change from   to  eindx .
Any bus with the highest ratio of voltage drop with respect to load variations is recognized as a critical bus. Hence the critical bus is represented by:
In the proposed method, perturbation parameter is changed from   to  eindx according to the slope of the V- curve 10 (v indx /). As it can be seen from Fig. 3 , z * is the slope of V- curve, in which the perturbation parameter is changed from   to  eindx . Z cr is the slope (infinity) of V- curve where the highest value of the load parameter ( cr ) resides.
VI. CASE STUDIES
The proposed method is applied to IEEE test systems (IEEE 14, 30 and 57 bus) [20] . Reactive power generation constraints for buses are used as voltage control factors in simulation process. Table I shows the results of two different simulations of an IEEE 14-bus system considering one per-unit increase in load with respect to the base case. Perturbation parameter (  is considered to be 0.25for the first simulation and   0.1for the second simulation. The results of the simulations for three values of p 1 (i.e., 5, 6 and 7) are available in Table I . The results of the CPF method for 0.2 are also given for comparison purposes.
TABLE 1: BUS VOLTAGES OF IEEE-14 BUS FOR DUE TO 1 PER-UNIT INCREASE IN LOAD WITH RESPECT TO THE BASE LOAD PATTERN
In order to compare the proposed method with the CPF method a simulation of 4 iterations for   = 0.25and 10 iterations for   = 0.1was conducted. The results show that using the CPF method the results are achieved after 4
iterations, where each iteration requires 4 to 8 matrix inversions. In contrast in the proposed method one matrix inversion is required to achieve results for each iteration.
TABLE 2: A comparison between the computational time between the proposed method and that of CPF method
The test reveals that the proposed method:
1. Is more efficient due to lesser computing overhead.
2. Has smaller error margin compared to the CPF method 1 (Table I ).
In addition, compared to the CPF method that depends on a predefined step size for the prediction stage, the proposed method does not require the convergence condition at the correction stage. The reason for this effectiveness is that the proposed algorithm requires only one-stage to solve the problem , where the only condition for convergence is the perturbation parameter to be less than one (<1). This implies that for higher  higher powers of p 1 is required. Results of an IEEE 4-bus at saddle-node-bifurcation point are presented in Table 2 .
Three different simulations are conducted based on the proposed method, where perturbation parameter (  is
1 By increasing p1 the relative error will decrease significantly.
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assumed to be 0.1for the first stage. After 1 per-unit increase in load the perturbation parameter is lowered to 0.05After the growing load up to 1.3 per-unit, perturbation parameter is changed from   to  e14 and the new value of  e14 would be 0.05. According to 
The results show that the estimated error tends towards zero in Sim3. Consequently, through proper selection of perturbation parameter  eindx it is possible to achieve more accurate solutions using the proposed method.
TABLE 3: BUS VOLTAGES OF IEEE-14 BUS FOR DUE INCREASE IN LOAD AT SADDLE-SNB POINT RELATED TO THE BASE LOAD PATTERN
Voltage security margin derived by the proposed method is compared with the CPF for three different IEEE test systems.
TABLE 4: SNB POINT PROPERTY ( CR ) IN IEEE-BUS STANDARDS
The V- curve inferred by the proposed method for critical bus and two voltage control buses in IEEE-57 bus, The Estimation of VSM for contingency state has been conducted for 5 buses for three IEEE 14, 30 and 57 test system results are listed in Table 8 . 
VII. CONCLUSION
In this paper, a new method for evaluation of voltage stability phenomena in power systems and the determination of voltage stability boundaries is developed. It demonstrates that the proposed method has significant advantages to CPF method. This is achieved by proposing a single stage matrix inversion operation for every iteration, resulting into savings in computing overheads and more accurate results when compared to continuation power flow method.
The proposed method can also be used to plot V- curves. Similarly, using the proposed method the saddle-nodebifurcation point of the power system could accurately be determined. Provided the perturbation parameters are selected appropriately, the results can be obtained at higher computing speed. 
APPENDIX
Theorem I:
The entries in (20 -(24) are given as follows: 
